I. INTRODUCTION
The H.264/AVC is the state-of-the-art video compression standard recently developed by the ITU-T/ISO/IEC Joint Video Team [1] . Compared to previous standards, this new video coding standard can deliver significantly improved compression efficiency, which makes it possible to transmit high quality video over lower bit rate channels. In addition, the increased flexibility of H.264 encoding and transmission caters to a broad spectrum of video applications enabling new video services over cable, satellite and mobile networks. However, these performance gains of H.264 come at a cost of increased computational complexity [2] . The decoding complexity increases by a factor of four, whereas the encoding complexity may be as high as nine times over MPEG-2. This huge increase in encoder complexity is mainly due to Rate-Distortion Optimization (RDO) of the Motion Estimation (ME) and Mode decision (MD) processes in H.264.
An H.264/AVC video encoder typically consists of the encoding modules of motion estimation, motion compensation, integer transform, quantization and entropy coding. In H.264/AVC, an MB can be encoded using intra prediction from neighboring samples in the same frame or using inter prediction from samples in a previously coded frame/frames. In addition, H.264 supports the use of variable Macro Block (MB) partition sizes encoded in the form of MB modes [1] . The MBs can be of 1 size 16x16, 8x16, 16x8, 8x8, 8x4, 4x8 and 4x4. Fig. 1 shows the different MB modes used in H.264. An MB with large partition size requires a single motion vector to represent its motion information. However, a single motion vector may not be able to accurately represent the motion information of the entire MB resulting in a large residual error and hence a large number of bits for encoding the transformed residual error. Again, an MB mode with small MB partitions may require more bits to represent the motion information and fewer bits to encode the residual error. Thus, selection of the proper encoding mode has considerable impact on the compression efficiency of the H.264 encoder. In H.264, the MB mode with the best Rate-Distortion (RD) performance is selected as the optimal encoding mode. The optimized RD cost is obtained by using Lagrangian minimization [3] . The minimization cost function as follows,
where, J is the cost, D is the distortion, λ is the Lagrangian multiplier and R is the rate. H.264 uses rate distortion optimization for both motion estimation and mode decision.
To reduce the computational complexity of RD optimized H.264, several fast approaches have been proposed [4] - [12] . These algorithms either speed up the motion estimation or the mode decision process of the encoder. In [4] , the macroblock content complexity was employed to reduce the number of inter-modes check for each MB. The SATD-based mode selection method was used by Tanizawa et al. [5] to reduce the number of candidate modes. Subsequently, RDO was performed on the reduced number of candidates. A novel technique to limit the number of candidate MB modes to a small subset by pre-encoding a down-sampled version of the original image was proposed in [6] . The edge direction map [7] and amplitude of the edge vector [8] , which can be obtained from the Sobel operator, have been successfully used to predict the Inter and Intra MB modes, respectively. The MB SKIP decision has also been taken based on the difference between the average boundary error and the average bit-rate cost of the best Inter mode [9] . The weighted cost obtained from quantized transform coefficients has been used [10] to save substantial amount of computation. In [11] and [12] , motion search information has also been used to skip the checking of unlikely block sizes.
This work presents three approaches to expedite the RDO process in H.264. The first two methods are based on SKIP prediction and the last method is based on reducing the number of reference frames to a single best matching frame. The mode decision process will be performed on this selected best reference frame. The first approach toward SKIP prediction uses the zero-count in transform-domain to decide on whether to SKIP or not. The transform-domain model used is the ρ-domain model [13] , which has so far been used for bit estimation purposes [14] . But, to the best of our knowledge, the ρ-domain model has never been used for SKIP prediction. In the second approach, the spatio-temporal correlation properties of video sequences have been utilized to further improve the ρ-domain SKIP prediction results. The third approach reduces the number of reference frames on which the mode decision is to be performed. Only a single best reference frame is selected by performing an initial low cost matching on the multiple reference frames. The selected reference frame is then used in the mode decision process.
The rest of this paper is organized as follows. Section II reviews fast rate distortion optimization in H.264. Fast RDO based on skip prediction and reduced reference frame based fast RDO have also been discussed. The proposed approaches based on SKIP prediction and reduced reference frame have been presented in Section III. Section IV compares and analyses the performance of the individual approaches as well as a combination of all the three approaches. Finally, Section V concludes this paper.
II. FAST RATE DISTORTION OPTIMIZATION IN H.264
Rate-distortion optimization techniques have been widely applied to video encoders [3] . The RDO techniques result in substantial improvement in compression efficiency. In RDO, the Lagrangian minimization method is used to find the best MB mode among the modes of {INTRA4X4 (2) where, mv is the motion vector obtained by motion estimation, pmv is the predicted motion vector and λ MOTION is the Lagrange multiplier. R(mv-pmv) represents the motion information and D (s,c(mv) ) is the sum of absolute differences (SAD) between the original video signal s and the coded video signal c. For multiple reference frames, the final reference frame is selected by minimizing (3), 
where m is a constant. The optimal motion vector and mode selection is dependant on the quantization parameter QP.
The optimal mode for inter prediction is obtained by computing all the Lagrangian costs (1) for all possible subblock partitions. Moreover, the H.264/AVC encoder uses Intra_16×16 and Intra_4×4 prediction modes for intraframes. In these modes, the reconstructed pixels in the adjacent blocks coded previously are used to predict the content of the macroblock. The Intra_16×16 has four modes, whereas the Intra_4×4 prediction has nine modes for each 4×4 subblock. This results in a total of 144 cost checkings for each intra MB mode decision. H.264 inter-prediction uses Tree Structured Motion Compensation (TSMC) [15] . TSMC supports block sizes from 16x16 to 4x4 with the facility of dividing each block into sub-blocks. The lowest sub-block size can be 4x4. In inter-prediction, all the eight possible MB partitions and the SKIP mode are checked to select the optimal encoding mode. Usually, small partition sizes are selected for detailed regions whereas large partition sizes perform reasonably well for homogeneous regions. The actual distortion and bit consumption calculations for all candidate modes greatly increase the encoding time. Thus, using RDO to select the best coding mode for each MB is the most computationally intensive process in H.264.
A. Skip Prediction based Fast RDO
The H.264/AVC JM encoder [1] identifies certain MBs as skipped during encoding. The encoding of these MBs are skipped by the encoder. In the decoder, the skipped MB is reconstructed by motion-compensated prediction from the current reference picture using a motion vector predicted from previously decoded motion vectors. The SKIP mode has the lowest RD cost (J) among all MB encoding modes. Moreover, checking of SKIP mode involves the lowest complexity. Thus, a SKIP decision at the start of the mode decision process can substantially lower the entire encoder complexity. However, incorrect skip decisions may increase the bit rate and may also result in a loss of picture quality.
B. Restricted Reference Frame based Fast RDO
In H.264, multiple reference frames are used for inter motion estimation purposes. The Lagrangian minimization based RD cost function is calculated for all reference frames. An increase in the number of reference frames also increases the computational cost of RDO. A number of reasons have been cited [16] to justify the use of more number of reference frames to obtain better predictions. However, strong correlations among the motion vectors of successive frames lead to the intuition that, the full RD-optimized mode decision search for all reference frames need not be performed and a decision can be taken based on an initial estimate of the best reference frame.
III. PROPOSED APPROACHES TOWARD FAST RDO
The RD optimized motion estimation process in H.264/AVC encoder calculates the distortion costs and the bit costs associated with each of the possible MB modes. This mode decision step consumes considerable portion of the entire encoder execution time in encoding process. The proposed schemes delineated in the following subsections intend to improve the computational complexity of the RDO process without incurring noticeable drops in reconstructed video quality. The first two methods employ SKIP prediction, whereas the last one expedites motion estimation by reducing the number of reference frames.
A. RHO-domain Skip Prediction
Rate-distortion optimized fast ME requires computation of the RD cost J for all modes of an MB. In order to calculate the rate and distortion of an MB mode, the DCT, quantization, inverse transform and inverse quantization operations need to be performed on the MB. The rate information is derived from the quantized transform coefficients. These operations contribute to the high computational complexity of the RDO process. However, low complexity DCT and quantization calculation may substantially bring down the RDO execution time. Reduced complexity DCT and quantization can be performed using the rate and distortion models.
Information-theoretic analysis shows [22] that, a generalized Gaussian can best approximate the distribution of transformed AC coefficients of a natural image. Based on this assumption, [13] proposed a rate model called the ρ-domain model. In ρ-domain, the rate is expressed as a function of the number of zeroes among the transformed coefficients. If ρ is the percentage of zeroes among the quantized transform coefficients, then it can be shown [17] that, ρ monotonically increases with the quantization step size q. This implies that there is a one-to-one mapping between ρ and q. Hence, mathematically, the coding bit rate R, which is a function [18] of the quantization step-size q, must also be a function of ρ, denoted by R(ρ). In encoder, the transform coding coefficients are quantized and then entropy encoded. So, higher the number of zeros in quantized transform coefficients, the lower is the bit rate. Thus, the rate calculation in ρ-domain can be expressed as,
Fig. 2 Prediction from neighboring macroblocks in the previous frame
It is to be observed that, when ρ tends to 1, R tends to zero. This essentially implies the SKIP mode, since in this mode no motion vector or distortion information is encoded. The decoder predicts the motion vector from the MVs of the previously decoded neighboring macroblocks. This observation provides the motivation to predict the SKIP mode from the Sum-of-Absolute-Transformed-Difference (SATD). If the number of zeroes in the SATD of a block is above a pre-defined threshold, a SKIP mode is predicted for the MB. The threshold value is determined empirically. Proper choice of the threshold parameter keeps the PSNR drop within acceptable limits. The proposed method predicts the SKIP mode based on a single SATD calculation and avoids the mode decision calculations for the remaining modes. Thus, the SKIP prediction saves a large amount of computation. Especially for slow moving videos, where the percentage of SKIP mode MB is particularly high, the proposed method results in substantial improvement of the motion estimation complexity.
B. Spatio-Temporal Skip Prediction
In video frames, the collocated macroblocks are highly correlated due to spatial homogeneity in the neighboring regions. Fig. 2 shows the neighboring MBs 'A', 'B' and 'C' in the (n-1) th frame, of the current macroblock 'X' in the n th frame. It has been shown [19] that, modes of macroblocks A, B and C in previous frame, have a high correlation with the best mode for the current macroblock. Moreover, [20] shows that the rate-distortion cost function (J) between neighboring blocks is highly correlated. These observations provide the necessary motivation to predict the SKIP mode of an MB from the spatio-temporal characteristics of neighboring MBs in the current and the previous frames. First, the proposed algorithm checks the mode selected for the MBs A, B and C, in the previous frame. If majority of them (can be parameterized as at least 2 or all 3) have SKIP as the best mode, the algorithm moves to the next step. It then finds out the SATD cost for SKIP mode of all the three MBs -A, B and C and also finds out the minimum SKIP cost among these three MBs. If the minimum SKIP cost is less than an empirically determined threshold value, then the mode for current MB in the current frame is predicted as SKIP. The SATD costs of all MBs in the current frame are calculated and stored as reference for processing of the next frame.
Let, SKIP(MB i,n ) = 1 , if the best mode from the i th MB in the n th frame is SKIP = 0, otherwise Using the above notation, the spatio-temporal SKIP prediction algorithm can be briefly described as follows:
SKIP(MB i,n ) = 1 if (i) Σ SKIP(MB m,n-1 ) = 3 (or >= 2, as per parameter), where the sum is over m; and m Є N i,n-1 and (ii) min {SATD(MB m,n-1 )} < T, where the min is over m and m Є N i,n-1 and T is a threshold. SATD(MB i,n ) is the SATD cost value calculated for SKIP mode for i th MB in frame n. Moreover, N i,n = {m: m denotes the MB number for neighboring MB A, B or C for i th MB in frame n.} Since the MBs in the first column do not have Neighboring MB 'A', the algorithm is disabled for all the MBs in first column of the frame. Similarly, MBs in the first row do not have Neighboring MB 'B' and 'C'; the algorithm is disabled for all the MBs in the first row of the frame. This enables the algorithm to start its prediction from optimally found best mode, rather than predicted best mode. The algorithm is also not used in case of last column (MB 'C' is absent).
The only drawback of this approach is its positive error accumulation. An incorrectly predicted SKIP mode for an MB in the n th frame has a positive bias on the SKIP prediction of the (n+1) th frame. Hence, the error gets accumulated over frames and the PSNR drops. To overcome this drawback, the algorithm is switched off for every n th frame. Experimentally, a value of n=5 is found to perform well for fast moving video streams.
C. Restricted Reference Frame
In H.264 motion estimation, the encoder searches for MVs in multiple reference frames (max 16, as per JM10.2 reference implementation) to obtain the best mode decision. For each reference frame, the motion estimation algorithm is executed for all possible modes of an MB. This essentially increases the motion estimation time in multiples of the number of reference frames used. Our proposed algorithm selects a single reference frame, based on an initial estimate of the Rate-Distortion (RD) cost for the reference frame. Then the selected reference frame is used to find the best mode for the MB.
By the principle of spatial correlation, it can be said that, neighboring MBs tend to have similar motion vector and mode decision. Hence, for similar reasons, it can be posited that the neighboring MBs should tend to use the same reference frame. Based on this spatio-temporal correlation, a predicted motion vector (which is also used for SKIP cost calculation) is used as the center of the motion vector search region. This idea has been extended to predict the minimum RD cost for the best mode of the MB, for a particular reference frame.
SKIP RD Cost of an MB is defined as the RD Cost, assuming SKIP mode for the MB, for a particular reference frame. During SKIP mode, a motion vector predictor is used, which predicts the Motion Vector for the MB based on the MVs of the neighboring macroblocks. The simplest predictor used is the median of motion vectors of the neighboring macroblocks.
For a moving object in a video frame, if the particular MB is part of the same object as its neighboring MBs, the motion vector and reference frame for the current MB will be similar to its neighboring ones. Since in SKIP mode, the motion vector predicted from neighboring MBs is used, this SKIP RD cost for this MB will be minimum among all reference frames. However, if MB is not a part of the same object in motion, the SKIP RD cost will be high. So, the reference frame, which gives minimum SKIP RD Cost, will also give the minimum RD cost among all modes.
In the proposed approach, the SKIP RD cost of the MB is calculated first for all the reference frames. The reference frame having the minimal SKIP RD Cost is predicted as the best reference frame and the full motion estimation and mode decision is carried out only on this reference frame.
Experimental results show a substantial improvement in motion estimation time, with PSNR drop within acceptable limits. This is particularly effective for fast moving videos, where the speed-up due to previously proposed SKIP prediction based algorithm is low, since fast moving videos have a less percentage of SKIP modes.
IV. RESULTS
Our experiments were performed on the JM 10.2 reference implementation [21] of H.264
2 [1] . The code was compiled using MS Visual C++.Net on Windows XP (SP2) platform.
The results for performance analysis were collected for different bitrates by varying the Quantization Parameter (QP) from 10 to 30, in steps of 2. The simulations have been performed on the luminance component of the popular video sequences listed in Table 1 . These sequences consist of different degrees and types of motion and are in QCIF (176×144), CIF (352×288), SIF (352×240) and CCIR601 (720×486) formats. The first two sequences, namely, Container and Foreman, are in QCIF format. The next two sequences are Stefan in CIF format and Football in SIF format. Tennis and Garden is in CCIR601 format. Among these sequences, Container has gentle, smooth and low motion change and consists mainly of stationary and quasistationary blocks. Foreman has moderately complex motion and hence is categorized as "medium" motion content sequences. Rigorous motion based on camera panning with translation and complex motion content can be found in the sequences Stefan, Football, Tennis and Garden. Image sequences are always IPPPPP and no B frames were used.
The ρ-domain (RHO), the spatio-temporal (SPT5.3), the reduced reference frame (RRF) approaches and their combination (COMB) have been compared with the baseline (ORG) JM 10.2 reference encoder. The comparisons have been made in terms of three metrics, namely, (a) PSNR, (b) Bitrate, and (c) SpeedUp Factor (SUF). The PSNR drop and the bitrate give an idea of the loss in prediction quality and the loss in compression efficiency. The speed up factor denotes the reduction in computational complexity. Table 2 presents the results of the experiments.
A. ρ-domain SKIP Prediction Results
The ρ-domain results have been presented in Table 2 . As can be seen, the maximum PSNR drop obtained by the ρ-domain is only about 0.05 dB. This shows that the ρ-domain zero count is a good approximation for SKIP prediction. The ρ-domain results are particularly encouraging at low bitrates, where the prediction quality obtained by ρ-domain SKIP prediction is even better than the reference encoder implementation of H.264, for the sequence Container. For the fast moving sequence Stefan, ρ-domain SKIP prediction results in no loss in prediction quality. In addition, it is to be noted that, for both Foreman and Stefan, the ρ-domain prediction results in increased compression. Thus, at low bitrates, Stefan has no loss in prediction quality, better compression and increased speedup. Similar improvements can be noticed for other test cases as well. The highest ρ-domain PSNR drop can be observed for Tennis and Garden. However, even the highest ρ-domain PSNR loss is less than 0.1 dB.
The average of the ρ-domain results taken over all test sequences at both low and high bitrates show a loss in prediction quality of only about 0.033 dB. This quality loss is accompanied by an improvement in compression efficiency. Table 2 also shows the performance comparison of SPT5.3 with ORG, RHO, RRF and COMB schemes. The main advantage of SPT5.3 over other approaches is its increased compression efficiency. In most cases, the coding efficiency of SPT5.3 is very close to that of the RHO approach. Although the loss in prediction quality is more than RHO, this loss is well within the MPEG limit of 0.5dB. SPT5.3 intends to enhance the performance of RHO and hence it predicts SKIP modes from spatially and temporally neighboring MBs. However, this prediction is made over and above the SKIP predictions of the ρ-domain approach. This accounts for the increased PSNR drop of SPT5.3 as compared to the RHO approach. However, reducing the number of frames in the resetting interval brings down this PSNR drop.
B. Spatio-temporal SKIP Prediction Results
The average loss in prediction quality for the SPT5.3 scheme is the highest among all the three proposed strategies. However, it is to be noted that the average compression efficiency of SPT5.3 is also highest among the proposed approaches. This increased compression is accompanied by higher speedups as compared to the averaged ρ-domain results.
C. Restricted Reference Frame Results
The Restricted Reference Frame (RRF) approach has been compared with ORG, RHO and SPT5.3 in Table 2 . From the tabulated results, it can be concluded that the RRF approach is extremely advantageous in terms of speedup. For most test sequences, the RRF approach reduces the computational complexity by 5-8 times with marginal loss in prediction quality. The only disadvantage is its increased bitrate. This is understandable since the major motivation [16] behind the use of more than one reference frames is the strong correlation between the motion vectors in multiple reference frames, which results in better prediction quality and hence higher compression efficiency. Hence, low number of reference frames accounts for the increase in bitcount. In terms of prediction quality, the RRF performs better at high bitrates.
The average RRF results have the highest speedup with acceptable quality loss. The drawback of reducing the number of reference frames is an increase in the number of bits. An accurate estimate of the reference frame reduces this increase in bit information.
D. Combined Results
All the three aforementioned SKIP prediction schemes perform better in one aspect or the other. The ρ-domain SKIP prediction has the best prediction quality. Spatio-temporal SKIP prediction results demonstrate the highest compression efficiency. And finally, the restricted reference frame based SKIP prediction leads to the best coding efficiency. This observation provides the motivation to combine these schemes and observe the combined results.
For all the test sequences, the combined results have the highest speedup, the highest PSNR drop and the lowest compression efficiency. However, it is to be noted that the increase in speedup is substantial, as compared to the baseline reference (JM10.2) implementation. Moreover, this increased coding efficiency comes at an expense of negligible loss in quality and marginal increase in bitrate. As already mentioned, the maximum quality loss is well within the MPEG tolerance limit of 0.5 dB. Moreover, at low bitrates, the increase in bit count is very small. Thus, the combination of the three proposed approaches has much better performance than the reference JM implementation, particularly at low bitrates. As can be seen in Table 2 , the average of the COMB results has the highest drop in prediction quality. The combined effects of SPT5.3 and RRF have resulted in an overall PSNR loss of 0.26 dB, which is well within the MPEG limit of 0.5 dB. The average speedup achieved in about 6 times the baseline implementation. Moreover, the average increase in bit information for COMB is less as compared to the average RRF results.
Figs. 3-6 show the Rate-Distortion curves of the proposed schemes, tested on the aforementioned test sequences. In most cases, the RD-curve of ρ-domain almost coincides with the ORG RD-curve. This shows that the ρ-domain zero count is a good approximation for SKIP prediction. For the sequence Container, the RD-curves at low bitrates are extremely close to one another. Hence, for Container, the proposed approaches perform extremely well at low bitrates. Similar conclusions can be drawn from the RD-curves of Foreman. Except for the SPT5.3 scheme, which has a particularly high PSNR drop at low bitrates, the other RD-curves faithfully follow the baseline (ORG) RD curve. As can be seen, the RD-curves of both Container and Foreman converge at low bitrates. However, in case of Stefan, the RD-curves demonstrate more or less uniform performance over the entire bit-range. The PSNR drops are identical at both low and high bitrate. In Football, the RD-curves of ORG, RHO and SPT5.3 are super-posed onto a single curve, whereas the RD-curves of RRF and COMB super-pose onto another curve. Similar to Stefan, the RD-curves for Foreman also exhibit identical PSNR drop for both low and high bit-rates.
V. CONCLUSION
This paper has presented new schemes for SKIP prediction based fast motion estimation with applications in H.264. Three different approaches were proposed. The first approach utilizes the ρ-domain rate control model for counting the number of zeroes in the sum-of-absolute transformed-differences (SATD). SKIP MB mode was predicted based on this zero count. Spatial and temporal correlation among the collocated MBs in the same frame as well as the previous frame forms the basis of the next approach. Finally, the multiple numbers of reference frames, on which the mode search is performed, were reduced based on an initial low-complexity matching cost. It was observed that, each of the proposed approaches individually exhibited the best performance in terms of either prediction quality or compression efficiency or coding efficiency. Subsequently, all three approaches were merged to generate the combined results. The experimental results on standard test sequences demonstrate substantially high speedup with marginal loss in bitrate and prediction quality.
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